ATRIAL FLUTTER (AFL) is the designation applied to a group of tachyarrhythmias with atrial rates of from 240 to 360 beats/min. Distinctive in this group of arrhythmias is typical AFL, characterized by a unique consistency of atrial rate (300 ± 10 beats/min) and an electrocardiographic pattern demonstrating undulating F waves without isoelectric intervals in leads II III, and aVF. This article attempts to identify the salient factors relevant to AFL and integrate them into a comprehensive concept. This synthesis is not intended to catalogue all or refute any of the factors that might operate in AFL. The purpose is to identify a minimal set of readily demonstrable factors that, through interaction, could cause spontaneous AFL. The present discussion concerns AFL, but the same concepts are also applicable to reentrant ventricular arrhythmias.
There have been many different mechanisms proposed to explain AFL. In many studies, complex mechanisms have been incompletely elucidated because the focus was on only those aspects readily revealed by a single technique. Also, most experimental studies of AFL have been conducted in animals without spontaneous flutter and therefore the principal factors involved in this tachyarrhythmia may not have been discovered. Although endocardial potentials have been recorded in some patients,' there have been no detailed activation sequence mapping studies carried out in patients with AFL. Even given the opportunity to record the activation in spontaneous AFL, if a fundamental factor happened to be an abnormality in atrial structure, then the true basis of the altered electrical state might not be recognized. The result is that either very diffuse or very specific and singular mechanisms have been postulated, none of which explains all of the unique characteristics of spontaneous AFL, which very likely is the result of a complex multifactorial process. In the absence of comprehensive data in man, an alternative preparation for study would be an animal with spontaneous AFL. In 1975, we discovered such an animal. The combined electrical and anatomic observations in that animal, as well as in subsequent studies on experimentally induced flutter-like tachycardias, have suggested that the mechanism of human AFL is a multifactorial one. 2 Types of AFL can be categorized either descriptively or mechanistically. A useful classification would distinguish between different mechanisms and also relate each mechanism to the unique clinical and electrocardiographic features of the specific arrhythmia. It is the high degree of consistency of atrial rate and electrocardiographic pattern, occurring throughout a large population of individual patients, that implies a common substrate of relatively constant location in this specific form of the arrhythmia. A classification of types of AFL for this presentation, with emphasis on their mechanisms, might be: (1) focal (or automatic) flutter, (2) obstacle AFL (also termed macroreentrant, or circus motion AFL), and (3) intramyocardial (also termed microreentrant) AFL. This discussion is limited to the reentry concept which, in this investigator's opinion, is the most likely mechanism of AFL. This thesis is supported by our findings in spontaneous and experimental canine AFL,2 3 by data on experimental flutter-like tachycardias described by Allessie et al.,j6 and by results of clinical electrophysiologic studies in patients. ' One might summarize the causal factors of reentrant AFL by grouping them into the following three categories: (1) the anatomic, or geometric, substrate, (2) the functional substrate, and (3) the initiating agent, or trigger. All three categories seem to be important in AFL. The principal substrate is an anatomic abnormality in atrial myocardium, which combines with the natural orifices of the vena cava to create a discontinuity in conduction; together they shape the potential reentrant pathway. The dimensions of this discontinuity are critical in determining the length of the surrounding pathway and the potential for sustained and stable reentry. The functional substrate is a nonuniform duration of repolarization of myocardium within or adjacent to the potential reentrant pathway. The triggering event is represented by one or more atrial premature depolarizations.
These general components of the reentry model were apparent to Mines, Rosenbleuth and Garcia-Ramos, Wiener and Rosenbleuth, Kimura, and others. What is lacking is knowledge of the precise configurations and interactions of these fundamental components and how they may bring about spontaneous AFL. For atrial reentry, the key factors can be reduced to a two-dimensional problem and are therefore more readily identified than in the case of reentrant ventricular tachyarrhythmias, for which a three-dimensional exposition is required. However, once identified in the atrium,2 similar mechanisms can be sought in a threedimensional distribution in the ventricles.8 There are other factors important in other reentrant arrhythmias that may also be important in AFL, such as depressed excitability, directional differences in cell-to-cell coupling, and others. Some of these factors are discussed below.
Obstacle The other factors involved in this model of sustained circus motion were the conduction velocity of the circulating wave and the duration of repolarization of the tissue. For circus motion to occur, the tissue ahead of the return wave must repolarize, i.e., the wavefront cannot run into the "wave rear." This could result from either a sufficiently large obstacle or orifice, a small orifice along with slow conduction of the circus wave in the circuit, or a short wave length due to a uniformly short repolarization time. In certain of the studies it was necessary to damage the intercaval tissue to create the conditions under which flutter could occur. These studies have been summarized in a classic review by Rytand.7 Repolarization inhomogeneity and intramyocardial (micro) reentry. To create the conditions necessary for oneway circus motion around the loop in obstacle flutter, nonuniform repolarization, in which an interface between repolarized and unrepolarized tissue intersects the boundary between the obstacle and its surrounding myocardium, must be present. Additionally, for the atrial premature depolarization to initiate one-way circus conduction in the loop, it must originate at a criti-250 cal time and in close proximity to the junction between the two (functional and anatomic) boundaries. This represents an interaction between nonuniform repolarization and gross myocardial discontinuity. The experimental studies of Allessie et al.4, 5 have demonstrated that a flutter-like tachycardia can result from a form of intramyocardial reentry and that anatomic obstacles are not an essential component of the circuit. Activation maps obtained illustrated that the reentry resulted from regional differences in conduction of premature impulses within small zones of atrial myocardium between or distal to the natural orifices. In their studies, the critical or active reentrant circuit was quite small and the wavefronts appeared to move about a very small barrier to conduction. Thus, the spread of activation throughout the atrium had a vortical, rather than circular, pattern. The unidirectional block and one-way conduction of the revolving wavefront could be correlated with regional differences in the atrial effective refractory period or repolarization inhomogeneity. They proposed that a small functional barrier to conduction existed near the center of the vortex and was maintained in the refractory state by the continuous flow of current resulting from the depolarization and repolarization of adjacent tissue. They referred to this proposed mechanism of vortical reentry as "the leading circle theory."6
My co-workers and F examined the role of repolarization inhomogeneity in the genesis of intra-atrial reentry tachycardias in dogs. Using programmed extrastimuli, we observed a rapid repetitive tachycardia and recorded activation sequence maps in several animals. Repolarization inhomogeneity exists during the early phases of recovery of excitability, when adjacent regions are both repolarized and unrepolarized. As shown in figure 1 , if a critically timed and located atrial premature depolarization invades such a region, it will be asymmetrically conducted, delayed, blocked, and shaped by the unevenly repolarizing tissue. Given a particular distribution in which short and long repolarization times coexist in close proximity, a form of intramyocardial reentry can result. The activation blocks along boundaries approximating the regions of longer repolarization time. These boundaries were subsequently referred to by El-Sherif as "arcs of conduction block" in his studies of ventricular tachycardia. 8 It is important to note that, as in Allessie's studies and our experimental studies on repolarization inhomogeneity reentry (figure 1), the actual reentrant circuit is confined to a relatively small field, measuring less than 1 cm. However, the wavefront spreads out-ward to envelop the rest of the atrium. No gross anatomic obstacles such as the cavae are required for this type of reentry and orifices are involved only secondarily, depending on their location in relation to the primary microreentry circuit. However, smaller discontinuities due to normal geometric complexities at the macroscopic and microscopic levels may play a role in the shorter reentrant pathways presently ascribed solely to repolarization inhomogeneity9
Ultimately, it must be concluded that reentry resulting from repolarization inhomogeneity differs from spontaneous AFL in that the circuit is too small and the FIGURE 1. Reentry due to repolarization inhomogeneity. The effect of repolarization inhomogeneity on the conduction of a single atrial premature depolarization resulting in two subsequent reentrant cycles. The repolarization field map (RPF) illustrates the effective refractory period distribution determined from a single S2 applied at each of the 24 points indicated after a series of S, stimuli were always delivered at the encircled point (150). The refractory times indicated for each of the S2 include both the activation time from the S, site and the individual repolarization times. The RPF map represents the actual repolarization field encountered by the A2. Note that the repolarization field is bimodal with close proximity of the zones of short and long repolarization times. The activation sequence maps of an atrial premature depolarizaton (A2) delivered at 150 msec at the encircled site and two subsequent reentrant cycles (A3 and A4) were constructed from 72 electrode points. In comparing the sequence maps of the A2 with the RPF maps note that activation propagates rapidly in regions with short repolarization times (light zones) and blocks on the adjacent boundary created by the zone of long repolarization duration (dark zone). Thus, the premature wavefront is kept from entering the zone of long repolarization time until after 210 msec. Note that in the A2 the arcs of block are related to the longer repolarization times seen in the RPF map but are not perfectly superimposable. Subsequently the later A2 wave turns back to activate the region of late repolarization within the cul-de-sac at 242 msec. Because of the proximity of the late depolarizing site to the site of initial activation and earliest recovery, the impulse reenters this zone and begins A3. Reentry actually occurs closer to the point of earliest repolarization time slightly below the point of initial stimulation.
The first reentrant cycle (A3) is followed by a second reentrant cycle (A4), which blocks. Note that the effect of this bimodal repolarization inhomogeneity is to mold the wavefront and nonuniformly shape the activation pathway by uneven block and conduction, routing the wavefront back to the zone of earlier recovery causing reentry.
Vol. 72, No. 2, August 1985 BOINEAU rate too fast in the former. As a consequence of the extremely rapid cycle time (60 to 140 msec), the activation pattern changes from cycle to cycle and is unstable. These arrhythmias either terminate spontaneously or degenerate into atrial fibrillation as secondary wavelets occur when activation encounters tissue in different stages of repolarization due to the short cycle time or blocks at small discontinuities as a result of the progressively diminishing efficacy of the stimulation by dissociated depolarizations. The arrhythmias therefore represent prefibrillatory tachycardia that is an intermediate stage between flutter and fibrillation. Allessie et al.5 were able to stabilize repetitive cycles of intramyocardial reentry tachycardia by infusing aetylcholine to shorten the duration of repolarization. However, as important as repolarization inhomogeneity is to the initiation of a reentrant flutter-like tachycardia, this factor alone does not seem to be a sufficient substrate for spontaneous sustained AFL.
Role of myocardial discontinuity in slow conduction and block. Another mechanism for reentry is slow, or decremental, conduction and failure of impulse transmission unassociated with repolarization. The significance of abnormal conduction and its mechanisms have received limited attention and will require more definitive elucidation before certain forms of reentry can be explained.
The traditionally accepted form of cell-to-cell conduction is explained on the basis of the flow of intracellular current across low-resistance, specialized junctions between adjacent cells. These mechanisms derive from microelectrode studies of transmembrane potentials, ionic currents, and dV/dt max, among other things, which are generally presumed to be the principal factors determining normal and abnormal cardiac conduction. Slowing or failure of impulse propagation is ascribed to elevated resting potential, inactivation of sodium-channel conductance, depressed Vmax, and so on.
In contrast to the aforementioned membrane mechanisms, Spach et al. '0 showed theoretically and experimentally that geometric factors related to fiber orientation and directional differences in cell coupling accounted for marked variations in conduction velocity. Their studies indicated that geometric anisotropies could be more important than membrane factors in determining differences in conduction velocity. They demonstrated that fast propagation in the long axis of cells was associated with slow upstrokes of action potentials and that slower propagation was associated with faster upstrokes in a direction perpendicular to the fiber axes. This was just opposite of the expected rela-252 tionship between action potential upstroke velocity and wavefront propagation. In their model, differences in resistive coupling parallel and perpendicular to the long axis of the fibers were related to marked differences in velocity in the two directions. These directional differences in coupling resistances associated with anisotropic myocardial geometry would be amplified in areas of discontinuity where wide gaps of unexcitable tissue were interposed between fibers.
Another possible mechanism relating macroscopic and gross myocardial discontinuities to slow conduction and block could be failure of extracellular, or ephaptic, conduction. As mentioned above, until recently, most studies of cardiac conduction and block have focused upon local circuit cell-to-cell spread of current. Little attention has been given to the possibility of rapid, synchronous propagation via the extracellular space with recruitment of adjacent fibers as a result of high voltages and current densities outside the cells. Based on data demonstrating slow conduction, we have previously considered the possibility that extracellular conduction might be a mechanism of fast normal propagation." This hypothesis was proposed to account for the finding of a simultaneous loss of extracellular potential amplitude and increased duration and fragmentation of local electrograms associated with regional slowing in conduction velocity and failure of impulse transmission. This occurred as wavefronts approached areas of anatomic or functional myocardial discontinuity. '. Suenson'4 presented evidence in support of extracellular propagation as a mechanism in cardiac muscle. He demonstrated that extracellular transmission could occur between two cylindrical myocardial structures in close apposition due to a high extracellular resistance and extracellular potentials exceeding 30 mV. He further hypothesized that the obligatory high extracellular resistance might be accomplished if the extracellular space were reduced to narrow clefts between tightly packed cells. This would result in a very high current density within the normally restricted extracellular space. Assuming it has a role, the resulting effect of ephaptic conduction would be a mutually enhanced interaction such that the extracellular field, sustained at a high level by the nearly simultaneous depolarization of upstream fibers, would provide the necessary stimulation to maintain synchronous propagation in the normal geometrically discontinuous matrix of fibers. The electrical field surrounding the fibers might be quite intense due to the summation of multiple small extracellular currents resulting from the simultaneous depolarization of numerous cells. The effect of this external summation could take place through a capacitive interaction among tightly packed fibers with extracellular recruitment of adjacent resting cells via depolarization of their neighbors. A beneficial consequence of this extracellular field summation might be to bring all fibers within a specific spatial range into action together, ensuring coordinated propagation. Extracellular conduction might fail in fibrotic or dysplastic regions in which electrically viable fibers are widely separated due to loss of ephaptic mechanisms. The presence of wide gaps between excitable fibers would diminish the effects of extracellular electrical summation and result in loss of synchronous recruitment and propagation. Whether the dissociation of activation observed in the presence of normal and abnormal myocardial discontinuity is due only to increased resistivity of intercellular connections'0 or whether ephaptic-capacitive coupling is also involved is an intriguing question.
Finally, normal conduction might occur at several different levels, including by cell-to-cell spread via 16w-resistance junctions, by asymmetric conduction due to geometric anisotropies at both microscopic and macroscopic levels, and by a component of extracellular, or ephaptic, conduction. It seems apparent that abnormal conduction after repolarization is basic to the reentrant process in many arrhythmias. Also, it is apparent that the basic mechanisms of normal and slow conduction and block have not been completely elucidated. Specific questions are as follows: (1) How does the cardiac geometry affect conduction? (2) Why are slow conduction and propagation decrement and failure frequently associated with myocardial discontinuity? (3) What, if any, is the role of extracellular conduction?
Spontaneous canine AFL. In 1975, we serendipitously discoveted a dog with spontaneous AFL. 2 The results of the activation and anatomic studies in this dog are directly relevant to human AFL for the following reasons: (1) The AFL was spontaneous and not experimentally produced by surgery, drugs, or programmed stimulation. (2) The AFL was stable and longlasting.
(3) There was a consistent and reproducible rate and electrocardiographic pattern for each episode. (4) The cycle length of the flutter was longer than in experimental AFL. (5) Two forms of AFL were observed in the same dog. One mimicked the classic electrocardiographic pattern of typical human AFL and the other a form of atypical human AFL. (6) Both forms of AFL resulted from circus motion reentry, one type due to clockwise and the other to counterclockwise motion in the right atrium. (7) The basic substrate for both forms of reentry was a region of myocardial band discontinu-Vol. 72, No. 2, August 1985 ity in the right atrium that combined with the contiguous vena cava to form a large anatomic obstacle creating a pathway sufficiently long to permit stable AFL. (8) Slow, decremental conduction was present in the zone of myocardial discontinuity.
In the dog with AFL (figure 2) there was discontinuity consisting of almost complete disruption of connections between the upper and lower crista terminalis and between the upper crista and the intercaval band muscle. In addition, there was discontinuity between the pectinate muscle bridges linking the posterior crista with the anterior tricuspid ring structures. Following from the assumptions relating myocardial discontinuity and geometric complexities to conduction, it is proposed that this disruption between the major connecting muscle bands produces a zone of slow conduction and propagation failure and that this region simultaneously serves as an added area of discontinuity in the conduction circuit. This region of electrical discontinuity, slow conduction, and block is designated zone S in the model of AFL illustrated in figure 2, C and D.
As a result of this study, we defined the form of AFL resembling the typical human form as type 1 flutter and that resembling the atypical human form as type 2 flutter.2 The two forms of flutter observed in the dog demonstrated different reentrant activation patterns that accounted for the differences in rate and electrocardiographic morphology. Wells et al.' subsequently described two forms of AFL differentiated by their rates in patients. In their study, type 2 was faster than type 1 and it is tempting to speculate that this may have been due to a shorter reentrant pathway in their second group of subjects.
Two pathways of circus motion reentry with nonuniform conduction velocities. In the type 1 flutter (figure 2, C) in our previous study, the wavefront (viewed posteriorly) moved clockwise around the combined regions of discontinuity in the superior and inferior venae cavae, returning medially to the site of origin between the two cavae. The cycle time over that pathway was 175 msec, resulting in an atrial rate of 343 beats/min. In type 2 flutter (figure 2, D), the wavefront moved counterclockwise around the superior vena cava and spread through the intercaval region to return to its point of origin over a shorter pathway. This resulted in a shorter cycle length (151 msec) and a faster atrial rate (397 beats/min). Both forms of flutter were associated with circus motion within a zone of fast conduction (zone F) and slow conduction within an area of myocardial discontinuity contiguous with the superior vena cava (zone S). In type 2 flutter, there was definite propagation failure in zone S and an excitable gap of shown, the walls of the superior and inferior venae cavae (SVC and IVC) and spaces between the pectinate muscles contain normal thin myocardium. In the normal atrium, the crista terminalis and septal bundles join with the intercaval band to form a "figure 8" around the venae cavae. This posterior ring structure about the cavae is connected to an anterior tricuspid valve ring structure by the pectinate muscle bridges laterally and by septal bands medially. In the dog with AFL note the discontinuity of the upper crista terminalis with the intercaval band and lower crista and also the hypoplastic pectinate musles causing disruption of lateral connections between the anterior and posterior right atrial rings. The actual reentrant structure is a two-dimensional circular surface, bordered anteriorly by the tricuspid anulus and posteriorly by the combined discontinuities of superior vena cava and hypoplastic myocardium. These edges represent the long and short pathways that, via directionally determined preferential conduction in one or the other, result in either type 1 or type 2 AFL. For simplicity, a two-dimensional diagram of these right atrial pathways is presented in B, C, and D, by flattening the anteroposterior axis shown in A. The anterior atrioventricular annular structures are represented at the perimeter, whereas the SVC, IVC. and contiguous posterior structures are represented centrally. B, The areas of discontinuity in the dog with AFL. Also indicated are the circumferential distances (broken lines) around the SVC (5.7 cm) and around the shortest (9.2 cm) and longest (1 1.8 cm) components of the flutter wave pathway. C and D, Types 1 and 2 AFL, respectively. Zone F represent the zone of normal fast conduction and zone S the area of discontinuity and zone of slow conduction. A further interacting 254 factor needed to explain the initiation of the first reentrant beat is repolarization inhomogeneity indicated by the double solid line. C, Type 1 or typical AFL with clockwise rotation of the circus wave in the longer pathway of zone (F) created by both the SVC and IVC orifices plus the zone of myocardial discontinuity (S). Question marks indicate a questionable source of late depolarization and reentry from zone S. D, Type 2 or atypical AFL with countercockwise rotation of the circus wave in the shorter pathway of zone (F), which does not include the IVC and is therefore associated with a shorter cycle length. There is antegrade block in zone S and reentry is from the fast pathway. Symbols: e4 = direction and pathway of circus wavefront in normal myocardium, zone F; 4 = direction of slow conduction in abnormal dysplastic myocardium, zone S; = entry and ? exit of depolarization in zone S; C:> = reentry of return wavefront; -_ = arc of block, representing boundary between repolarized and unrepolarized muscle: = boundary between zones F and S. 50 msec was present before the return wave encountered the boundary of previous antegrade block. Thus, in type 2, the major circus wave in zone F was its own source of reentry as it propagated around the combined discontinuities of the superior vena cava and zone of slow conduction. In type 1 flutter, because of the similar directions of wavefronts in the zones of slow and fast conduction resulting in a vortex-like motion of the wavefront, we considered that there might have been continuity of activation wavefronts across the boundary (dotted line). Also, we could not discern whether the reentry resulted from the fast component in zone F returning over the larger caudal pathway around the inferior vena cava, or from a delayed component exiting zone S in the short pathway. However, because of the existence of block in zone S in type 2 AFL, which might also be expected to occur in type 1, and because of the exact correlation between the flutter cycle length and the arrival time of the faster wavefront in the larger circuit (zone F), we presumed that zone F was also the source of the reentry in type 1 AFL. If this is correct, then the region of slow conduction and propagation failure (zone S) serves only as a passive area of discontinuity in both forms of AFL by preventing rapid conduction of the circus wave in a shorter pathway encircling only the superior vena cava. From this analysis, it would appear that the normal superior vena caval orifice alone does not provide a long enough circus pathway to permit stable AFL. However, the addition of the bordering region of slow conduction (zone S) may result in type 1 flutter over a longer pathway by linking the superior and inferior venae cavae area of discontinuity, or may result in the more rapid type 2 flutter if there is rotation of the wave about a slightly shorter pathway formed only by the superior vena cava and continguous zone S.
A relatively wide region of myocardium (zone F) lies between the posterior areas of discontinuity of the superior vena cava and zone S and the anterior area of the tricuspid anulus. These geometric conditions create a circular surface with critical size discontinuities of different dimensions at both anterior and posterior boundaries. The resulting reentrant pathway is therefore a two-dimensional one. Within zone F, the minimal pathway length bordering the posterior area of discontinuity was 9.5 cm ( figure 2, B ). This compares with 5.7 cm, which was the circumference of the superior vena caval orifice alone. The maximum length of the anterior aspect of the circus pathway was 1 1.8 cm. The velocity of the circus wavefront varied as a function of the distance from zone S in both forms of AFL. Thus, the wave traveling in the short posterior portion of the reentrant pathway was slowest and the velocity of that portion of the wave traveling in the longer anterior pathway was fastest so that, in zone F, there was a continuum of conduction velocity between these two limits and a fanlike rotation of the wavefronts. The mechanism for this difference in conduction velocity in the anterior and posterior pathways is not known. It could be due to preferential conduction in the continuous, thicker anterior pathway adjacent to the atrioventricular anulus, where the direction of the wavefront parallels the direction of continuity.
Since the circuit with the longest conduction time receives depolarization from the circuit with the shortest conduction time, only the velocity of the latter pathway can be calculated. In type 1 AFL the conduction time around the longer anterior circuit was shorter than that around the shorter posterior pathway. The conduction velocity in the anterior circuit during clockwise (type 1) depolarization was 0.67 m/sec. In type 2 flutter, the conduction time in the shorter posterior pathway was less than in the longer anterior path and the conduction velocity during the counterclockwise depolarization was 0.63 m/sec. Even though the conduction velocity in the anterior pathway seemed faster in type 2 AFL (estimated to be 0.78 m/sec based on the cycle time of 151 msec), the combination of the shorter path and slightly slower velocity of the posterior circuit resulted in its having the fastest cycle time. Thus, the pathway with the shortest cycle time becomes the effective reentrant circuit and is first to deliver the return wave back to the site of reentry. Conduction velocity was also nonuniform along the axis of propagation, as evidenced by the segmental differences in areas where the isochrones are close together during slow and further apart during faster conduction.
In summary, the factors that result in two different atrial rates in types 1 and 2 AFL are (1) the two reentrant pathways of different length, or more precisely, the two circumferences of the anterior and posterior aspects of the reentrant circuit (figure 2), (2) the different conduction velocities associated with the long and short pathways, and (3) the different conduction velocities in association with clockwise and counterclockwise rotation of the wavefront in each of the two pathways. Therefore, in comparison with the classic one-dimensional model of circus motion, which has only one path length and a uniform conduction velocity, the actual flutter pathway is more complex, at least two-dimensional, has major and minor circumferences, and exhibits a range of conduction velocities. It remains to be determined whether it is also a twodimensional, two-pathway reentrant structure that determines the different atrial rates in patients exhibiting two forms of AFL.
Preferential conduction in AFL. Apart from the semantic dilemma, there is a conceptual difference between specialized and preferential conduction in the atrium. Maximum atrial conduction velocity is between 0.7 to 1.3 rn/sec and this velocity is confined to the large myocardial bands or trunks that have been anatomically identified as the crista terminalis, pectinate muscles, Bachmann's bundle, and certain septal muscle bands.'l Activation in thin areas of atrial muscle, like that associated with the venae cavae and other sparse transparent tissue between pectinate muscles, is slower (between 0.3 to 0.7 m/sec).", 16 Although there are several different types of cell in the atrium, there is no anatomic or electrical evidence that a collection of any of these special cell types are arranged in continuous structure that represent specialized tracts that conduct atrial impulses faster than 1.3 m/sec. There is, however, ample evidence that the larger trunks not only conduct faster than the thin atrium, but also maintain conduction, in spite of increased extracellular potassium concentration, when other thin areas of atrial muscle fail to exhibit propagation. '7 Our observations suggest that the right atrial myocardium is arranged to form a preferential conduction system. Because the larger bands consist of parallel and tightly packed fiber bundles, conduction velocity in the long axis of these structures is fast (0.7 to 1.3 m/sec), or preferential. As illustrated in figure 2 , A, the right atrial bands form a tridimensional fast-conducting myocardial skeleton in which all of the major trunks are connected. Rapid craniocaudal conduction is through the crista terminals. Rapid conduction between the posterior muscle bands (crista, etc.) and the anterior pathways encircling the tricuspid orifice is through the pectinate muscles.
Pastelin et al.17 produced intra-atrial reentrant arrhythmias and experimental AFL in dogs and observed that activation continued to circulate in loops of atrial muscle during increased potassium concentrations and after disruption of specific muscle bundles. They concluded that AFL occurs via preferential conduction through anterior and posterior interatrial tracks. Given the limited number of recording electrodes in their studies, their observations on preferential conduction of the flutter wave in the major atrial muscle bundles can be readily incorporated into the model of AFL shown in figure 2 , B and C. Our findings indicate that it is the absence of preferential conduction in certain pathways that leads to the preferential reentrant conduction in others. The diagram illustrates that conduction is faster in the intact longer atrial pathway associated with the tricuspid anulus. However, a more complete representation is that there is preferential, or faster, conduction in this pathway because of the impediment to access of the circus wavefront to shorter preferential routes blocked by the myocardial discontinuity of zone S. Also, the atrial muscle of the tricuspid anulus is thicker and manifests uninterrupted circumferential continuity. Preferential conduction is also illustrated by the differences in which pathway (long or short) becomes the effective reentrant circuit in the clockwise and counterclockwise circus rhythms associated with the two forms of AFL in the dog. Also, as indicated by the activation data,2 depolarization in AFL is not restricted to the thicker preferential routes, but is continuous, with wavefronts present in adjacent thin areas if there is no impediment to conduction.
AFL model and synthesis of concepts. Figure 2 defines the interaction of the major components resulting in AFL, and emphasizes the synthesis of previous and present concepts.
The anatomic substrate is fundamental to the existence of AFL. It determines that an otherwise abortive series of short reentrant cycles will become AFL. The structural substrates of the caval orifices and the contiguous zone of myocardial discontinuity and slow conduction, which together form the principal obstacle about which the flutter wave circulates, are most important. The superior or inferior vena cava alone are not large enough orifices to allow a circulating wave to become established. It seems evident that the caval openings and the contiguous zone of myocardial discontinuity are positioned such that the reentrant wave-256 front is forced into a longer pathway, resulting in a stable pattern of repetition. In the adult dog, a critical pathlength of 9 to 10 cm seems to be required. Smaller loops could sustain circus motion if the effective refractory period was uniformly of short duration. The tricuspid anulus forms an integral anterior component of the circular reentrant surface. If these data apply to patients, it is the dimensions, spatial position, and orientation of this annular structure that represent a structural constant that is reflected in the consistent atrial rate and electrocardiographic patterns found in type 1 AFL. However, of greater causal significance is the posterior discontinuity that determines the minimal necessary loop size needed to sustain reentry in the adult dog. Zone S eliminates fast-conduction "shortcuts" that would minimize the effective lengths of potential reentrant loops and prevent the establishment of AFL.
Repolarization inhomogeneity is a salient factor and is important in the initiation of the reentrant process when coupled with a critically timed and located atrial premature depolarization. However, unlike the anatomic substrate, it is dynamic and unstable due to changes in autonomic input or changing intrinsic sensitivity to the autonomic agonists. 18 Intra-atrial reentrant cycles will occur only with certain refractory field distributions (figure 1), and AFL may require a particular spatiotemporal superposition of geometric and functional substrates and atrial premature depolarization. Consider that a bimodal field of uneven repolarization is positioned so close to the zone of myocardial discontinuity that a cycle of intramyocardial reentry is forced into the AFL circuit, where it is entrapped in a continuous motion.7 Once the reentry starts, it is the basic anatomic substrate of myocardial discontinuity and the location of this region in relationship to the natural orifices of the atrium that determine the unique features of AFL, including rate, activation pattern, and electrocardiographic morphology.
The atrial premature depolarization is the triggering event that, when combined with repolarization inhomogeneity, initiates the reentrant depolarizations (figure 1). Not only is the timing of the atrial premature depolarization (A,) important, but the site of origin is also crucial. For intramyocardial reentry to occur, the wavefront must encounter both repolarized and nonrepolarized myocardium existing in close proximity. If repolarization inhomogeneity is not optimally distributed for the occurrence of reentry, then multiple spontaneous or programmed atrial premature depolarizations may be required to set up a particularly vulnerable distribution of repolarization. I am grateful for the efforts of Anita Wylds, Margaret Beasley and Dawn Schuessler in preparing the manuscript, and to the Medical Media Production Service of the Veterans Administration Medical Center for their photographic assistance.
